species. Because the Bray-Curtis dissimilarity matrix uses the absolute abundance of OTUs, it is 150 necessary to use a rarefied OTU table as the input for the dissimilarity calculation. One function 151 of multivariate analyses is to represent inter-sample distances in a 2-dimensional space using 152 ordination (55). To evaluate ordination patterns, one of the most common methods used is the 153 Principal coordinate analyses (PCoA). In this case, the input used for ordination calculation and 154 clustering was the dissimilarity matrix calculated above. The matrix was transformed to 155 coordinates and then plotted using the principal coordinates script in QIIME. Table 6 observed between samples (sample clustering). It is based on the ANOVA experimental design 171 but analyzes the variance and determines the significance using permutations, as it is a non-172 parametric test (56). Whereas ANOVA/MANOVA assumes normal distributions and a 173
Euclidean distance, PERMANOVA can be used with any distance measure as long as it is 174 appropriate to the dataset. The same variables used for color clustering in the PCoA analyses 175 were used with the PERMANOVA test for statistical significance of sample clustering. The 176 QIIME compare categories script was used to generate the statistical results. Results from the 177 PERMANOVA are consistent with the color clustering observations made based on the PCoA 178 analyses. Using a significance of 0.05, the only variables that exhibited significant differences 179 among sample groupings were Animal space (p-value = 0.04) and Cattle feed (p-value = 0.05).
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The two other variables tested did not exhibit significant differences (Type of milking p-value = 181 0.61 and Ventilation p-value = 0.90). 182
The taxonomy of the microbes in the air samples collected from the dairy farms was determined 183 by comparing Illumina sequences to the UNITE database. Of the 12 fungal classes detected in 184 samples from the dairy farms (Fig.4) Ustilaginomycotina were detected only in samples from DF4. 194 Relative abundance of taxa was analyzed more thoroughly by examining the 20 most abundant 195 genera at each dairy farm (Fig.4) where Penicillium occupied 67% of the abundance. The most diverse profiles were from DF1, 202 DF4 and DF5 as they exhibited the greatest variety of fungal genera. In DF2 samples, 52% of the 203 abundance was made up of Wallemia (31 %) and Bipolaris (21 %). The diversity profiles from 204 the five dairy farms are larger than what is shown in Fig.4 were identified solely at DF4. Finally, Whickerhamomyces was specific only to samples from 209
DF5. 210
The diversity of fungi identified using the culture method was compared with the fungal 211 diversity obtained using next generation sequencing (NGS). Using NGS, fungal genera 212 representing greater than 1% of the total abundance of the five dairy farms combined are 213 presented in Fig.5 . For species identified using the culture approach, the fungi identified at more 214 than one dairy farm were grouped together. The fungi that were detected only once by culture 215
were Trichoderma, Microdochium, Phoma, Apiospora, Botrytis, Conyothirium, Millerozyma, 216
Neosetophoma, Irpex, and Debaryomyces. Those species detected at more than one farm and 217 their relative abundances are presented in Fig.6 . The relative abundance of fungi identified by 218 culture was calculated as follows: for each fungus, the number of times that it was isolated from 219 the five dairy farms was calculated. Based on this sum, a percentage of relative abundance was 220 calculated for each fungus and appears in the list in Fig.5 . Only four fungi were detected by both 221 approaches: Penicillium, Aspergillus, Bipolaris and Sarocladium. Of the 16 fungi isolated using 222 culture techniques, three (Hyphopichia, Gibellulopsis et Myceliophtora) were not detected by 223 NGS. The remaining 13, though they do not appear on the list, were detected with a total 224 abundance of less than 1%. Many fungi genera were present but with a total relative abundance 225 of less than 1% making the diversity profile more exhaustive than what is shown in the figures. Additionally, the prevalence of Eurotiomycetes might also be explained by the presence of silage 300 which is a fermented, high-moisture stored fodder used to feed cattle (75). Members of 301 Dothideomycetes and Tremellomycetes include several important plant pathogens that grow on 302 wood debris or decaying leaves (76, 77). Wallemiomycetes were detected at all five dairy farms. 303
They were most prevalent at DF1 and DF2, representing 20% and 32% of genera detected, 304
respectively. This class includes one order (Wallemiales), containing one family (Wallemiaceae), 305 which in turn contains one genus (Wallemia) (78). These fungi can grow over a wide range of 306 water activity from 0.69 a w to 0.997 a w (79) . Water activity is the vapour pressure of water in the 307 product divided by vapour pressure of pure water at the same temperature. High a w support more 308 microbial growth. Wallemia have been isolated in air samples from dairy farms in previous 309 studies (80). Airborne Wallemia are suspected of playing a role in human allergies like bronchial 310 asthma (81). A study conducted in France identified Wallemia as a causative agent of farmer's 311 lung disease (82). Other prevalent fungal genera commonly found at dairy farms were identified 312 in this study: Aspergillus, Penicillium, Cladosporium, Alternaria, Nigrospora and Periconia. 313
For relative abundance, differences observed in the diversity profiles obtained by next generation 314 sequencing (NGS) and culture methods may be explained by the hypothesis that the culture 315 approach may be biased toward fungi from the rare biosphere. These results are consistent with 316 the conclusions made by Shade and his collaborators (83) regarding the complementarity of 317 culture-dependent and culture-independent approaches to studying bacterial diversity. The 318 15 premise of their study is that culture-dependent methods reveal bacteria from the rare biosphere 319 and provide supplemental information to that obtained using a NGS approach. In the current 320 case, this complementarity is true only for abundance. As mentioned previously, only three fungi 321 were detected exclusively by culture, while more than a hundred fungi were identified by NGS 322
and not by culture. This is consistent with the concept that culture methods may reveal less 323 abundant taxa in an environment while NGS provides a more exhaustive diversity profile. To the 324 best of our knowledge this is the first research to compare both approaches for examining 325 aerosols at dairy farms. 326
The application of the NGS approach revealed a large fungal diversity profile in bioaerosols 327 released from five dairy farms. The presence of a diverse portrait of fungi in air may represent a 328 health risk for workers who are exposed on a daily basis. In some cases, the allergen/infective 329 activity of the fungi may not be known and can increase the risks to workers. and were performed in triplicate. Tween20 is a detergent that makes spores less hydrophobic and 359 easier to collect. One hundred microlitres of each triplicate were plated on Rose Bengal Agar 360 with chloramphenicol at a concentration of 50 µg/ml. Half of the petri dishes were incubated at 361 25C for mesophilic mould growth and the other half at 50C for thermophilic mould growth, 362 specifically Aspergillus fumigatus. After 5 days of incubation, moulds were identified and counts 363 were translated into CFU/m 3 . 364
Identification of Isolates 365
Spores from cultured fungi were recovered in one millilitre of a 0.9 % saline and 0.1% Tween20 366 solution and stored in an Eppendorf tube. Two hundred microlitres of the collection liquid were 367 placed in an FTA card (sample collection card; Qiagen, Mississauga, Ontario, Canada). Five 368 punches from the inoculated zone of the FTA card were placed in a microtube and washed three 369 times with the FTA purification agent. The washing step is mandatory as it allows the removal of 370 the chemical substrates in the FTA card that may alter the subsequent amplification step. Forty-371 eight microlitres of the master mix solution described in table 2 were placed in each microtube 372 followed by amplification and sequencing of the ITS genomic region. The protocol described by 373 started with an initial denaturation at 98°C for 30 s followed by 35 cycles of denaturation at 98°C 417 for 10 s, annealing at 55°C for 10 s, extension at 72°C for 30s and a final extension step at 72°C 418 for 2 min. The PCR reaction was purified using an Axygen PCR cleanup kit (Axygen). Quality 419 of the purified PCR products was verified with electrophoresis (1% agarose gel). Fifty to 100-420 fold dilution of this purified product was used as a template for a second round of PCR with the 421 goal of adding barcodes (dual-indexed) and missing sequence required for Illumina sequencing. 422
Cycling conditions for the second PCR were identical to the first PCR but with 12 cycles. The 423 PCR reactions were purified as above, checked for quality on a DNA7500 Bioanlayzer chip 424 (Agilent) and then quantified spectrophotometrically with a Nanodrop 1000 (Thermo Fisher 425 Scientific). Barcoded Amplicons were pooled in equimolar concentration (85 ng/μl) for 426 sequencing on the illumina Miseq. 427
The oligonucleotide sequences used for amplification are presented in Table 4 . 
Bioinformatics Workflow

433
The bioinformatics workflow used in this study was developed during a compost study by 434 Mbareche et al. (40) . Briefly, after demultiplexing the raw FASTQ files, the reads generated 435 from the paired end sequencing using Mothur v 1.35.1 were combined (49). Quality filtering was 436 performed using Mothur by discarding reads with ambiguous sequences. Reads shorter than 100 437 bp and longer than 450 bp were also discarded. Similar sequences were combined to reduce the 438 computational burden, and the number of copies of the same sequence was displayed. This 439 dereplication step was performed using USEARCH version 7.0.1090 (50). The selected region of 440 fungal origin was then extracted from the sequences with ITSx which uses HMMER3 (51) to 441 compare input sequences against a set of models built from a number of different ITS region 442 sequences found in various organisms. Only the sequences belonging to fungi were kept for 443 further analyses. Operational taxonomic units (OTUs) with a 97% similarity cut-off were 444 clustered using UPARSE 7.1 (52). UCHIME was used to identify and remove chimeric 445 sequences (53) . QIIME version 1.9.1 (54) was used to assign taxonomy to OTUs based on the 446 UNITE fungal ITS reference training data set for taxonomic assignment and to generate an OTU 447 table. The fungal diversity analysis was achieved by using different QIIME scripts. The alpha 448 and beta diversity scripts used are listed in the following link: http://qiime.org/scripts/. 449
Statistical Analyses
450
Concentrations of PenAsp were compared with the Kruskal-Wallis one-way analysis of variance. 451
The test was performed using the software R version 3. fungi. This study demonstrated that fungal bioaerosols have large diversity profiles. It also adds 463 another piece to the puzzle regarding the complexity of bioaerosols relative to the sources 464 present. This study also highlights the importance of using a high-throughput sequencing method 465 combined with real-time PCR assay for quantification and an in-depth characterization of fungal 466 diversity in bioaerosols to better assess occupational exposure. As air samples were collected 467 during activities where workers are present, this study shows that human exposure to harmful 468 fungi may be higher during milking activities (automatic or manual), as well as during handling 469 of feed and silage and when spreading bedding. Based on the results of this investigation, the 470 authors strongly recommend taking action to reduce workers' exposure to bioaerosols. Such 471 measures include increased air-exchange rates, better confinement and source ventilation. If 472 these measures cannot be applied, we recommend skin and respiratory protection for workers 473 who are exposed on a daily basis as a means to reduce continuous exposure to harmful fungi 474 22 present in bioaerosols. The broad spectrum of fungi detected in this study includes 
